ABSTRACT: For over 350 million yr, thousands of amphibian species have lived on Earth. Since the 1980s, amphibians have been disappearing at an alarming rate, in many cases quite suddenly.
INTRODUCTION
Extinction has been a common event throughout Earth's history. Some 99% of the species that have been on the planet are now extinct (Raup 1991) . Extinction is typically thought of as falling into the realm of paleontological research -a distant and remote process. However, throughout the 20th century increasingly well studied populations of plants and animals revealed how species undergo increases and decreases in population sizes sometimes even to local extinction. During the last 50 yr, researchers studying modern ecosystems have confronted species extinction at local and global scales more and more frequently.
Understanding the consequences of biodiversity loss is one of the grand challenge research areas in biology.
We are the first generation of scientists with the tools to address the dimensions of biodiversity on Earth, and ironically we may be the last generation with the opportunity to discover and understand Earth's extant species before many are lost. Thomas et al. (2004, p. 145) predicted that 'on the basis of mid-range climate-warming scenarios for 2050, that 15-37% of species' in their sample of regions and taxa will be 'committed to extinction. ' The rapidity with which many ecological and evolutionary processes are now changing means that more than ever before we must understand the consequences of species losses. In addition to efforts to con-serve species, we also need research on the biology of extinction. These research programs would include the theoretical, modeling, and empirical studies required to predict how ecosystems will change in the near and long term as biodiversity is lost. At the start of the 21st century, there are unfortunately several candidate groups for model organisms and systems that would inform such studies, especially among vertebrates: about 2% of bird species, 4% of mammal species, and 7% of amphibian species are critically endangered (Stuart et al. 2004) , and the number of endangered vertebrate species has been increasing (Hoffmann et al. 2010) . In particular, for amphibians the recent extinction rate is about 200 times the historical background rate (McCallum 2007 , Roelants et al. 2007 ). Amphibians are among a number of groups providing evidence that we are likely in the midst of a sixth mass extinction (Wake & Vredenburg 2008 ).
There are 6 major causes of modern amphibian declines and extinctions: commercial use; introduced/ exotic species that prey on, compete with, and parasitize native frogs and salamanders; land use change; contaminants; climate change; and infectious disease (Collins & Crump 2009 ). The present work briefly summarises what we know about each cause, with suggestions about major areas for research.
COMMERCIAL USE
A 2001 UN/FAO report (Teixeira et al. 2001 ) reached 4 main conclusions:
(1) Almost 95% of the world demand for frog legs and frog products is still supplied from wild stocks;
(2) In 1998, the international trade in frog legs involved more than 30 countries with a value of around US $49 million; (3) The main focus of harvesting is 11 species worldwide; (4) Worldwide from 1987 to 1997, an average of about 4716 metric tons of frogs were collected annually -and these data do not include the major exporting nations of China and Vietnam.
US trade records from 1998 to 2002 reinforce these conclusions: 5.2 million kg and 15 million individuals were imported and declared as wild caught; 96% of the trade was commercial, mainly for pets and food; most trade involved 9 frog families and 2 salamander families (Schlaepfer et al. 2005) . Schlaepfer et al. (2005, p. 263) concluded that the data 'do not provide conclusive evidence of widespread, unsustainable collections. They [the data] do, however, reveal that the volume of animals taken from the wild (for the US market alone, let alone globally) is large enough to potentially extirpate populations or species.'
It is important to realize that beyond diminishing the population size of native species, commercially traded amphibians can also negatively affect animals distantly removed from source populations. In the western USA, Ambystoma tigrinum virus (ATV) and the amphibian chytrid fungus Batrachochytrium dendrobatidis (Bd) are spread via the bait trade in tiger salamanders Ambystoma tigrinum (Picco & Collins 2008) . Schloegel et al. (2009) Schloegel et al. (2010) found that 5 Bd isolates from Brazilian bullfrog farms grouped closely with each other and with isolates from other sites in Latin America, and their results led them to conclude that 'The striking similarity in captive bullfrog, wild bullfrog and wild, native frog isolates from Latin America suggests that there is, or has been, transmission among these populations and/or that the infections stem from a common source population' (p. 56). Gratwicke et al. (2010) reinforce the role of the international trade in amphibians as a source of pathogen pollution.
Here are 4 leading questions that need answers: When is commercial collecting a threat to population survival? Has commercial collecting caused species extinction directly by reduced population size or indirectly by pathogen pollution, introgression, or introduction of exotic species? Can commercial collecting be an effective conservation tool, for example, as a basis for eco-tourism or sustainable harvesting as a means to protect amphibians and their surrounding habitats? And can laws and regulations be put in place to manage amphibian populations sustainably?
INTRODUCED SPECIES
In habitats with exotic species, the size of native amphibian populations is often greatly reduced. Experiments show that when exotic, predatory fish and crayfish are present, native amphibians reduce activity, use different habitats, increase use of refuges, are smaller at metamorphosis, survive less well, show more injuries, and have fewer resources because of competition (Collins & Crump 2009) . Introduced trout and the decline of mountain yellow-legged frogs in California, USA is an especially well studied example based on many observations and experiments (Knapp et al. 2001 , 2007 , Carey et al. 2003 , Vredenberg 2004 , Knapp 2005 .
Although there is ample evidence that introduced frogs, such as American bullfrogs, cause native species to decline, there is no evidence yet that an introduced amphibian species caused the extinction of a native amphibian species. Habitat change and the introduction of non-native mammals are suggested as causes of the extinction of the 3 largest New Zealand frog species (www.nzfrogs.org/NZ+Frogs/Conservation.html). It is now accepted that the introduced amphibian pathogen Bd can cause frog and salamander populations to decline and frog species to go extinct.
Overall, introduced species raise several key questions: Why are some species, like American bullfrogs and cane toads Bufo marinus (= Rhinella marina; marine/cane toad, following Frost et al. 2006 ) so successful? Has an exotic species, other than Bd, caused extinction of an amphibian species? What is the relative importance of the various ways in which species enter new habitats? Does the success of introduced species, such as Eleutherodactylus coqui in Hawaii, offer a model for conservation by managed relocation of species (Minteer & Collins 2010) ?
LAND USE CHANGE
Sri Lanka offers a clear example of how land use change and amphibian species losses are related (Meegaskumbura et al. 2002) . The country has 0.013% of the world's land surface, and > 2% percent of the world's frog species. Some 95% of its rain forests are gone; patches now cover ~750 km 2 or < 2% of the island (Pethiyagoda & Manamendra-Arachchi 1998) . A survey between 1993 and 2003, primarily in rain forest, revealed some 140 anuran species, including 100 new species. However, 17 of Sri Lanka's native frog species disappeared in the past decade; 50% of 34 confirmed amphibian extinctions in the past 5 centuries. About 100 species known from 19th century museum collections were not recorded in the survey and are probably extinct (Pennisi 2002) .
There are numerous examples of how land use change and habitat loss cause the decline and extinction of many species, including amphibians (Collins & Crump 2009 ). All evidence indicates that more losses are expected (Gallant et al. 2007 ). Land use change that results in habitat destruction is the leading cause of amphibian decline and extinction. This straightforward and important fact must not be lost among our concerns about the role that other causes may play. It is clear that the leading question moving ahead is: What controls amphibian population sizes and species richness as land use and land cover change? What must be done to ameliorate the impact of land use change or even block land use changes that threaten amphibian habitats?
Commercial use, introduced/exotic species, and land use change are among the historical causes of amphibian declines (Collins & Storfer 2003) . These 3 causes have been acting for centuries, and all 3 apply to many species beyond amphibians. Contaminants, climate change, and emerging infectious diseases are important late 20th century causes of decline and even extinction. They are the primary hypothesized causes of the so called 'enigmatic declines' -the decline of amphibians in protected areas (Stuart et al. 2004 ).
CONTAMINANTS
Studies of how chemicals affect amphibians typically fit somewhere within a 3-step hierarchical research strategy (Boone & Bridges 2003) :
(1) Expose individual organisms in the laboratory to chemicals to assess basic physiological responses. Sparling (2003) reviewed LD 50 values for 30 organic and inorganic amphibian contaminants in which the laboratory tests were conducted at or below concentrations reported from environmental studies. He concluded that many compounds occurred in the environment at higher than toxic concentrations.
(2) Integrate these findings with studies of individuals exposed to chemicals under diverse environmental conditions, e.g. mesocosms (Relyea et al. 2005 , Kiesecker 2002 , Rohr et al. 2008a or habitats (Boone et al. 2004 , McCoy et al. 2008 , Rohr et al. 2008b ). These studies show mixed results as far as amphibians are concerned. In some cases, pesticides have a negative effect on amphibians as predicted based on laboratory experiments. In other cases, however, the effect is positive presumably because pesticides influence one or more species in the amphibian food web in ways that positively affect frogs and salamanders.
(3) Relate the findings from approaches (1) and (2) to changes in adult population sizes of amphibians at local and regional scales. Atrazine is a widely used herbicide that causes feminization of male African clawed frogs Xenopus laevis in the laboratory (Hayes et al. 2002 (Hayes et al. , 2010 . Hayes et al. (2002) also examined this effect by collecting adult, wild leopard frogs at 8 sites across the USA where atrazine was used in high concentrations. At 7 of the 8 sites with high atrazine concentrations in the water, males had oocytes developing in the testes.
Males were not hermaphrodites at sites with low atrazine levels or no agriculture. Hayes et al. (2002) concluded that atrazine was responsible for these signs of feminization. Davidson et al. (2001) reported a significant association between agricultural chemical use in California's Central Valley and declines in 4 frog species in the Sierra Nevada. These mountains and their amphibian habitats are downwind of the valley and the research team hypothesized that pesticides drifting from farms are deposited in the high elevation habitats to the detriment of their amphibian inhabitants.
The collection of frogs with developmental abnormalities in 1995 in Minnesota raised the suspicion that contaminants might be a cause (Souder 2000) . Johnson et al. (1999) used Pacific tree frogs to show that a flatworm parasite (Ribieroia ondatrae) regularly causes developmental abnormalities such as those seen in the Minnesota frogs. A comprehensive analysis of amphibian developmental abnormalities led Lannoo (2008) to conclude that abnormalities like missing eyes that are inconsistent with the parasite hypothesis occur frequently in areas without trematodes. He summarized 10 natural (e.g. wounding or high tadpole densities) and 7 man-made (e.g. ionising radiation or agricultural chemicals) causes of abnormalities and concluded that trematode-induced abnormalities are a minority of cases, largely restricted to the upper Midwest and parts of California in the USA. Frogs with abnormalities occur in some Vermont ponds without Ribeiroia obdatrae (Skelly et al. 2007 ). Nearby agricultural areas are possible risk factors, but urban and suburban areas may be an even greater risk. Excess nitrogen is a possible cause, but other possibilities include insecticides, herbicides, or pharmaceuticals in surface water.
Two things are needed to conclude that a contaminant negatively affects a population. First, ecologically relevant concentrations of the contaminant must be a new source of population stress that results in reduced recruitment of new animals or increased loss of animals beyond that caused by other stressors. Second, decreases in population recruitment or increases in population losses must exceed those typically experienced from natural stressors such as predation, competition, or parasitism. These are tough standards to meet and they have not been met for amphibians. Indirect evidence suggests contaminants play a role in amphibian population declines. At present, we have no evidence that toxins cause extinction.
CLIMATE CHANGE
The warming of Earth's atmosphere is affecting many organisms in complex ways that vary regionally. For example:
• Glacial recession in the Peruvian Andes is creating new amphibian habitats at sites within recently deglaciated terrain above 5300 m (Seimon et al. 2007 ).
• McCaffery & Maxell (2010) Whitfield et al. (2007) attributed the losses to climate-driven reductions in amphibian microhabitats.
• Recent climatic warming and resultant wetland desiccation are causing declines in 4 once-common amphibian species native to Yellowstone National Park in the western USA (McMenamin et al. 2008 ). Pounds et al. (2006) proposed the 'chytrid thermaloptimum hypothesis' based on a complex relationship between temperature change and improved growth of the amphibian chytrid fungus in tropical habitats. Several teams have tested features of the hypothesis and failed to confirm the details (Lips et al. 2006 , 2008 , Rohr et al. 2008c , Woodhams et al. 2008 , Anchukaitis & Evans 2010 , Walker et al. 2010 ). The chytrid thermaloptimum hypothesis assumes that Bd is endemic in amphibian populations and changing habitat conditions trigger infectious disease emergence (Rachowicz et al. 2005) . In contrast, Bd exhibits many of the characteristics of an invading pathogen that triggers epidemics in naïve amphibian hosts once it enters a new ecosystem (Morehouse et al. 2003 , Lips et al. 2006 , Morgan et al. 2007 , Laurance 2008 . After reviewing the literature on climate change and amphibian infectious disease, Collins & Crump (2009, p. 173) concluded: 'The emerging endemic hypothesis is complex and requires taking mechanisms known to cause local emergence of endemic pathogens and scaling them up to regional or global levels. According to Morse [1995] , this hypothesis is an unconfirmed cause of pandemics at the global scale. The chytrid thermal-optimum hypothesis is an instance of the emerging endemic hypothesis: Changing temperatures facilitate Bd's growth in microhabitats. Climate warming is the environmental cue common to widely separated populations that is hypothesized to be the stimulus for pathogen emergence. UV-B radiation and global warming are the only environmental cues proposed as accounting for the worldwide population losses seen in amphibians. The novel or spreading pathogen hypothesis is the best explanation for the enigmatic decline and even extinction of frog populations across widely separated regions.' After Bd enters a system it then exhibits features of an endemic pathogen.
Climate warming's effects vary from none to positive or negative depending on the species and region. Atmospheric warming is projected far into the 21st century in the most recent Intergovernmental Panel on Climate Change (IPCC) report (IPCC 2008 ; see also Williams et al. 2007 ). How will these expected changes affect amphibians? Based on a study of climate warming's effects on range distributions of European amphibians, Araújo et al. (2006) asked several questions that apply equally well across all species: What proportion of species will lose and gain suitable climate space in the future? Do projections vary with taxonomic, spatial or environmental properties? What climate factors drive projections? And how will climate change affect extinction probabilities?
INFECTIOUS DISEASES
A diversity of micro-and macroparasites infect amphibians (Collins & Crump 2009) . Two microparasites, iridioviruses and the amphibian chytrid fungus Bd, are emerging infectious diseases that are the focus of research relative to decline and extinction of frogs and salamanders; we know too little about caecilians, the third order of the class Amphibia, to draw meaningful conclusions about how pathogens affect these secretive, worm-like organisms.
At least 8 Ranavirus strains may infect one or more species of frogs or salamanders. Infected individuals may die quickly, remain chronically infected, or clear the virus and become reinfected. Ranaviruses cause epidemics in native frogs in Europe, South America, and Australia; in frogs and salamanders in North America; and in aquaculture colonies of frogs in Asia (Carey et al. 2003) . There is no evidence that ranaviruses are causing species extinctions in frogs or salamanders. The dynamics of Ambystoma tigrinum virus and tiger salamanders Ambystoma tigrinum most closely fits a density-dependent model of host -pathogen dynamics, and under these conditions extinction is not expected (Brunner et al. 2007 , Greer et al. 2008 .
Bd differs from Ranavirus (Collins & Crump 2009) . Notably, Bd is associated with anuran declines as well as extinctions in Australia, Africa, Central, South, and North America, but also coexists with non-declining species. Bd infects most amphibian species tested with effects varying from no clinical disease to 100% mortality. Microenvironment affects host susceptibility.
The amphibian chytrid fungus meets several conditions that could result in a pathogen causing extinction; namely, some amphibian species are biotic reservoirs that carry and transmit Bd with seemingly no negative effects, and there is some evidence suggesting abiotic pathogen reservoirs; and Bd transmission occurs even at low densities, for example, during mating or when individuals congregate perhaps in response to drying conditions (Collins & Crump 2009) .
In theory, density-dependent pathogen transmission alone will not drive a host population to extinction (Kermack & McKendrick 1927 , Anderson & May 1991 , although extinction might occur if population size becomes so small that stochastic processes lead to the population's demise. Ranaviruses seem to fit this model. Populations regularly decline, even to local extinction, for example at the scale of one or a few ponds, but eventually recover. In contrast, Bdinfected populations fit a model of density-independent host -pathogen dynamics. Extinction may result if transmission is independent of density or the pathogen has a reservoir in the environment or another species (McCallum et al. 2001 , de Castro & Bolker 2005 
CONCLUSION
Extinction attracts the attention of paleontologists, conservation biologists, and in the last decades of the 20th century a diversity of researchers studying contemporary ecological and evolutionary processes. Amphibians illustrate that it is possible for an infectious disease to emerge and place many species within a class of organisms at risk of extinction. Some 200 of the more than 6000 amphibian species have been tested for Bd susceptibility, and all were found susceptible suggesting that the entire class is at risk from this pathogen.
Modern amphibian decline and extinction bring losses that paleontologists relegate to cataclysmic events into the realm of current ecological processes. Modeling and predicting ecosystem processes in a montane, neotropical ecosystem today means having to assume that within the foreseeable future a significant fraction of the grazers (tadpoles) and predators (metamorphosed amphibians) could be gone from the aquatic and terrestrial components of the ecosystem.
The studies reviewed here and in the other papers of this DAO Special Issue reflect advances in our understanding of the causes of amphibian population decline and extinction over the last 2 decades -but many questions still need answers. 
